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Chromophoric metal ions at the active site of metallo-
enzymes are well known to participate in enzymatic catalysis
and to be capable of serving as optical probes at the cation
binding site. Cobalt(II) can be substituted at the cation
binding site of fructose-1,6-bisphosphatase to form an active
metalloenzyme. The complex formed gives rise to Circular
Dichroism spectra responsive to such factors as changes in
hydrogen ion concentration, substrate and/or inhibitor binding.
The results of the measurement of these spectral properties of
the Co(II) FbPase complex provides a specific example of the
general relationship between spectra of chromophoric metal
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Fructose-1,6-bisphosphatase (FbPase) plays an important
role in glycolysis and serves as one of the central control
points for gluconeogenesis (1). Along the gluconeogenic
pathway, FbPase catalyzes the reaction for the conversion of
fructose-1,6-bisphosphate (FbP) into fructose-6-phosphate.
Specifically, the enzyme hydrolyzes the 1-phosphate group
of FbP to yield product, fructose-6-phosphate (2).
Turkey liver FbPase, the enzyme under investigation in
this report, requires a divalent cation for enzymatic activity.
This requirement may be satisfied by Mg(II), Mn(II) or Co(II).
When Co(II) is substituted at the cation binding site, a
metalloenzyme is formed which offers a probe for the study
of the mechanism of the action of the enzyme. This is due to
the fact that the physical and chemical properties of Co(II)
ion can be readily differentiated from those of the amino
acid side chains of the enzyme, and can thus serve as a
valuable probe at the cation binding site. «
In this report a survey was made of the recent literature
on metal-protein equilibrium studies, kinetic studies and
general background information on apoenzymes and metallo-
enzymes as related to the mechanism of the action of enzyme
catalysis and substrate and inhibitor binding. The work
described in this thesis is centered on the interpretation of
the experimental results obtained from Circular Dichroism (CD)
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spectra of the Co(II) FbPase complex under various conditions,
and an attempt was made to correlate these spectral properties
to the nature of the environment (geometries) of the cation
binding site of the enzyme.
The Circular Dichroism properties of a molecule are
determined by its specific three-dimensional conformation.
Conformation plays a vital role in the function of biological
molecules. This fact has been well established and CD
measurements have evolved as a common technique studying
biological molecular conformations in solution. Even though
interpretation of the spectra is often somewhat complicated,
CD is a powerful analytical tool in the elucidation of the
conformation of macromolecules. Fig. 1 illustrates the range
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Fig. 1. Range and scope of a typical CD spectrum.
As indicated in Fig. 1, in addition to the information
gained about secondary structure and aromatic residues conforma¬
tion, CD can be employed to explore changes about the coordi¬
nation sphere of transition metals in enzymes. Interpretation
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of CD spectra may provide an arsenal of knowledge about the
catalytic mechanism and/or substrate and inhibitor binding
to the enzyme (3). Since the low extinction coefficients of
most transition metals present a significant problem, metal
ions producing intense d-d transitions are the most useful.
This is due to the adherence of the metal to the strict
requirements of the selection rules.
According to the selection rules, there are two types
of electronic transitions dictated by the orientation of the
spin: "spin-disallowed" where the spin direction must change,
and "spin-allowed" where there is a redistribution of electrons
into a single quantum shell (4). There are also two types of
electronic transitions dictated by the symmetry of the
electronic arrangement: "symmetry-allowed" transition (where
the direct product of the irreducible representation of
and ijjf and/or My and M2; contains the totally symmetric
representation AI, where and i|if are the wave functions of
the initial and final states, respectively, and Mx, My and
M2 are components of the dipole moment vector in the x, y,
and z direction) and the "symmetry-disallowed" transitions,
which are in direct contrast, that is, the direct product of
the irreducible representation of ipi, ipf and/or Mx, My and
M2 does not contain the totally symmetric representation.
These two selection rules when combined yield four possible
combinations for electronic transitions, "spin-allowed and
"symmetry-disallowed," (e ranging from 10 to 100), "spin-
4
disallowed and symmetry-disallowed," (e = 0.01 to 0.1),
"symmetry-disallowed and spin-allowed," (e = 1 to 10), and
"spin-allowed and symmetry-allowed," (e = 100 to 10,000).
The intense d-d transitions absorption bands are the "spin-
and symmetry-allowed" ones while the much weaker bands are
"spin- and symmetry-disallowed." These transitions are very
seldom observed in the absorption spectra but may be a
prominent part of the CD spectra, since their optical activity
is not necessarily low. For this reason, transition metals
are used frequently to replace the native metal atom, with
substitution usually resulting in a new metalloenzyme with
distinctive catalytic activities and physiochemical properties.
However, some substitutions result in very little change, as
in the case of Co(II) when substituted at the cation binding
site of FbPase.
Magnesium or Manganese, the native metals in FbPase from
turkey liver, are relatively poor probes for detecting changes
in geometry at the cation binding site. Magnesium(II) is
diamagnetic and its complexes with proteins do not exhibit
visible absorption or visible CD spectra. Manganese(II), a
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d ion, usually exists in a high spin configuration. Because
of this, all of the electronic d-d transitions are spin-
disallowed, thus having low extinction coefficients. Cobalt(II),
a d^ system, has spin-allowed transitions and its complexes
with proteins possess characteristic absorption and CD spectra
with higher e values than Mn(II). Due to the relatively high
5
molecular weight of FbPase and the assumption that only 4
atoms of Cobalt bind per mole of enzyme, high enzyme concen¬
trations (1 to 5 mg protein/ml) must be used to observe a
reasonable spectrum. This is reflected by a minimum amount
of optical activity as observed from the CD spectra for the
Co(II) FbPase complex. Optical activity, the backbone of
CD, is based on a lack of elements of symmetry. A molecule
is considered to be optically active if it does not possess
either a center of symmetry, a plane of symmetry or an axis
of symmetry. Even though the factors that contribute to the
observed intensities of the d-d transitions are not completely
understood, it has been found that bands for tetrahedral
complexes are in general more intense than for octahedral
complexes. This can be attributed to the low symmetry of the
tetrahedral complexes relative to that of the octahedral
complexes. Complexes of low symmetry are expected to have
intense absorption bands, resulting from the mixing of d-p
orbitals of the ligand and the metal if the environment of
the metal ion lacks a center of symmetry. However, these
bands may be obscured in visible spectrum if they result
from disallowed transitions.
Use of CD for the study of metalloenzymes has an advan¬
tage in that the metal ion chromophore is likely to be
situated at the active center of the enzyme and thus subject
to changes occurring at that particular site which may be
reflected in the CD spectrvira.
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Cobalt(II) can be substituted for Mg(II) or Mn(II) at
the cation binding site of FbPase to form an active metallo-
enzyme complex. Cobalt complexes have been shown to exhibit
spectral properties which may reflect the environment of the
metal atom. This also holds for metalloenzyme complexes.
The conformational changes of turkey liver FbPase as a
function of pH, substrate and/or inhibitor binding has been
well established (5,6). However, questions are still left
unanswered about what changes occur at the metal binding site
of turkey liver FbPase. The aim of this project was to
examine the coordination geometry of Co(II) at its binding
site in turkey liver FbPase as a function of pH, substrate
and/or inhibitor binding and substrate plus inhibitor and
vice versa. The information gained from this project, along
with the kinetic data and data from other specific research
projects previously reported, will contribute to the
elucidation of the role of the metal in the mechanism of
substrate and inhibitor binding to the enzyme.
LITERATURE REVIEW
Metal ion participation in the structure and function of
biological systems has been well documented. As early as the
late 1800's examples of oxidative enzymes containing heme
iron (the peroxidases, catalase, and cytochrome) were known
and their recognition was due to their intense absorption
spectra (7).
With the application of more sophisticated analytical
techniques to biological systems, it has been found that some
enzymatic reactions and cellular functions require metal ions
as essential parts of the active center (7,8). Some of the
most frequently encountered metal ions are the transition
metals (Mn, Fe, Co, Cu, and Mo), the alkaline earth metals
(Ca and Mg) and the alkaline metals (Na and K ) .
The necessity of the presence of the metal for enzymatic
activity raises questions about the function of the metal ion
in metalloenzymes. It has been shown that it could serve as
one of the essential parts of the active center of the enzyme,
but the metal ion could possibly bind some distance from the
actual substrate binding site and exert its influence via
structural, electronic, or allosterical means on the "catalytic
site" (7). This suggests that these effects could result
from changes in actual quarternary structure in the case of
multimeric metalloenzymes. Circular Dichroism studies on
some apoenzymes show small but significant changes in the
absence of the metal which suggest that the loss of the metal
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ion is associated with some structural change (9). Only a
small amount of information is available on metalloenzymes
but some interesting data has been uncovered.
Metal-Protein Equilibrium
The catalytic properties of metal ions in biological
systems are largely due to the properties of the metal ion
after formation of the metal-protein complex. The fact that
the enzyme is a macromolecular ligand with an internal rigid
structure of its own complicates matters, but certain basic
features of coordination chemistry are expected to be
applicable to these enzymes (7).
The formation of a complex between a metal. Me, and a
ligand, L, in solution, may be described as shown in the
following equation;
Me^ (H20)p + qHL Men + pH20 + gH
The above equation describes a metal ion with a charge of
n and a ligand with a single negative charge in the unpro-
tonated form. Most proteins are multidentate ligands and
appear to fill the coordination sphere at a 1:1 stoichiometry
per site. However, recent data on many metalloenzyme systems
shows that at least one coordination site remains occupied
by the substrate or inhibitor molecule or can participate
in the catalytic mechanism (7) .
The stability constant for metallobovine carboxypepti-
dase was the first to be determined using Mn(II), Ni(II),
Co(II), Zn(II), Cd(II), and Hg(II) as the metals (7,10).
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The constants were determined by letting various metal ions
compete for the active site and then calculating the unknown
constants from the ratio of the two types of metalloenzymes
present at equilibrium. In the binding and formation of
metal enzyme complexes, pH plays a vital role. The stability
and hydrogen metal ion equilibrium are significant only to
the mechanism of the action of the metalloenzyme because
they define the nature of the coordination complex at or near
the active center. However, whether or not they are involved
in the mechanism of catalysis, they may be a prominent part
of the structural stability.
Kinetics of Metal Binding and Exchange
Kinetic studies may yield more information about a given
process than determination of equilibrium constants. A tre¬
mendous amount of information has been accumulated on the
formation and dissociation of coordinate complexes (7,11).
However, the actual mechanism involved in the central metal
ion or ligand exchange has not been completely elucidated. On
the other hand, it has been found that such factors as the
charge on the central metal ion, as well as the charge,
electronegativity, polarizability, size and specific stereo¬
chemical features of the ligand influence the exchange rate.
Exchange rates are not very effective measures of the sta¬
bilities of complexes; however, a rapid exchange rate of
the central metal ion with other metal ions in the medium is
a fairly good indication of lability (7). Another factor
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that plays a significant role in exchange is geometry, e.g.,
tetrahedral complexes of Co(II) react relatively rapidly
while square planar complexes of Co(II) react relatively
slowly. Exchange studies reveal a tremendous amount of in¬
formation about the metal ion at the active center of the
metalloenzyme but the information is only a limited and
qualitative assay of the kinetic parameters involved in the
formation and dissociation of these complexes. Henker and
Sturtevant have compiled the only reasonably complete study
of the metalloenzyme carbonic anhydrase (12). Such a complete
study of Co(II) FbPase extracted from turkey liver has not
yet been compiled.
Apoenzymes
The intact enzyme-cofactor complex is referred to as a
holoenzyme; the inactive enzyme left after removal of the
cofactor is an apoenzyme (13) . Preparation and study of these
inactive enzymes and their reactivation by readdition of the
metal cofactor have revealed information about part of the
metal function in enzyme catalyzed reactions. The fact that
complete enzymatic activity is restored by the metal implies
that the metal must be a necessary part of the active center
and is either directly or indirectly involved. The degree of
direct participation of the metal ion as a determining factor
to protein structure of metalloenzymes shows a wide variation.
Metal ion participation in structure ranges from that in
proteins like carboxipeptidase A, where little of the protein
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is dictated by the metal ion coordination, to alcohol
dehydrogenase, where both tertiary and quarternary structure
require the metal ion for the enzyme to be active (14).
FbPase has been shown to have an absolute requirement for a
divalent cation for enzymatic activity. However, the enzyme
can bind substrate and inhibitor in the absence of such a
cation (15). No work has been completed on the role of the
metal ion in structural features of FbPase; however, much
work in this area is in progress. The conformational changes
of the aromatic residues as a function of pH, substrate and/or
inhibitor binding are being evaluated (16), fluorescence stu¬
dies on the role of tryptophan on conformational changes and
elucidation of conformation employing an ANS probe are being
performed (17,18), electron spin resonance studies employing
a nitroxide spin label to determine the actual distance
between the cation binding site and the spin label binding
site are being completed (19,20).
X-ray studies can establish a tremendous amount of
info2rmation on binding; however, detailed x-ray data have
been established on the metal binding site for two monomeric
enzymes (carbonic anhydrase and carboxypeptidase). The results
show that the substrate or inhibitor occupies a position in
the coordination sphere of the metal ion (7). No such data
is available on multimeric enzyme systems such as FbPase.
For multimeric enzyme systems, the specific chemical and
structural features which cause the metal ion to exert
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functional control are still unidentified. However, various
properties of apoenzyme multimeric systems have been proposed
that contribute information toward an understanding of these
features. It should be pointed out that in most instances the
specific catalytic mechanism and structural features of enzyme
systems are relatively unique to a particular enzyme or group
of enzymes.
Cobalt(II) Enzymes
The occurrence of Co(II) metalloenzymes in nature is
relatively restricted to cobalamin containing proteins, but
Co (II) can be substituted at the active site of several Zn(II)
metalloenzymes with retention of catalytic activity, e.g.,
cobalt(II) alkaline phosphatase (21) and Co(II) fructose-1,6-
bisphosphate aldolase (22). The enzymes in which Co(II) has
been substituted are probably high spin complexes, although
magnetic susceptibility data is available only a carbonic
anhydrase, where the Co(II) was found to be in the high spin
state (7,23). Very few models for high spin Co(II) complexes
are on record that correspond to those observed for the
enzyme complexes. Cobalt(II) complexes have been found to be
either tetrahedral, e.g., [CoBr4]^“ or octahedral, e.g.,
Co[(H20)6] t but square planar complexes of Co(II) have also
been reported. However, the strictly square planar complexes
have also been observed to be low spin. A few high spin Co(II)
complexes have also been reported which have a five coordinated
structure (7,9). One of the five coordinated complexes,
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(CoBr)[MeTren]Br, is a trigonal bipyramid. Its visible
absorption spectra are unlike those observed for Co(II)
carbonic anhydrase or alkaline phosphatase; however, the
active center of some enzymes could possibly be five
coordinated.
Only a small amount of information is available on the
optical activity of dissymmetric Co(II) enzyme complexes.
There are essentially two reasons for the lack of such
information: (1) Co(II) complexes are labile, preventing easy
resolution of stable isomers, and (2) interpretation of the
spectra is somewhat complicated.
Circular Dichroism is one of many physical techniques
used to monitor conformational changes in enzyme systems. In
recent years CD has been used to study the effects of tempera¬
ture on polypeptides and changes in specific sites caused by
certain interactions (24). Tiffany and Krimm reported the
effects of temperature on the CD of polypeptides (24).
Previous CD studies on FbPase are not numerous. Tamburro
et (25) reported CD studies on rabbit liver FbPase,
Davis (26) worked with chicken liver FbPase, and Burkes (5)
and Rumph (6) determined the conformational changes of FbPase
from turkey liver. The last two investigators reported changes
over a pH range of 7.0 to 9.0 at unit increments. For each
pH spectra were obtained corresponding to three different
temperatures (22° to 42° at 10° increments). They reported
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that large amounts of ordered form structure (a-helix and
3-sheet) appear in the enzyme at or near neutral pH. They
also found that increasing temperature from 22° to 32° at
pH 7.0 yields an increase in a-helical structure with no
increase in 3-sheet, but shows a small but significant in¬
crease in random coil structure. It was also found that in¬
creasing the temperature to 42° yields a decrease in a-helix,
a decrease in 3-sheet, and a significant increase in random
coil structure. The addition of substrate or inhibitor
causes a decrease in optical activity. They also reported
that the effect of temperature on the enzyme is markedly re¬
duced when either siibstrate or inhibitor is bound to the
FbPase. The addition of 0.ImM FBP to the enzyme produced a
change in conformation and reduced optical activity; however,
the addition of 0.ImM AMP to FbPase bound with FBP yielded
further changes in conformation.
No CD studies have been reported on Co(II) FbPase. In
fact, few works are reported on the CD of Co(II) metalloenzymes.
Latt et performed CD studies on Co(II) carboxypeptidase
and found that the spectra were sensitive and responsive to
such perturbants as pH and siibstrate and inhibitor binding (3) .
Applebury and Coleman (27) reported the visible CD studies of
E. coli Co(II) alkaline phosphatase. They found that the
CD spectra show visible bands extending from 700nm to 450nm
with additional bands between 350nm and 300nm associated with
the cobalt chromophores. They also reported that phosphate
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produces a large change in band structure of the visible
absorption spectrum, an inversion of the CD spectrum in the
region of 550nm, and that the phosphate induced no change in
band energies but changed the relative oscillator strengths
and induced large ellipticities in previously optically in¬
active bands. They concluded that the phosphate produced
alterations in the immediate dissymmetrical environment of
the Co(II) without major change in the coordination geometry.
The ultraviolet CD spectrum measurements showed that neither
Co(II) nor phosphate produced major changes in the conforma¬
tion of the metal-binding site or significant changes in the
conformation of the peptide backbone. Simpson et (23)
reported CD studies on fructose-1,6-bisphosphatase aldolase
(28). Coleman reported on the visible CD studies of Co(II)
carbonic anhydrase. From this study, he established the
possible existence of penta coordinate binding sites.
Theory of Optical Activity
With every beam of light, there are associated electric
and magnetic fields vibrating at right angles perpendicular to
the direction of propogation of the particular beam. When
these fields interact with matter they produce various
spectroscopic phenomena, one of which is spectroscopy. One
spectroscopic property of a given medium is its optical ab¬
sorption spectrum, which is directly related to the absorption
coefficients. Another is its dispersion curve, which can be
associated with the index of refraction (n). It should be
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pointed out that there is a close relationship between light
absorption and dispersion measurements. The significant as¬
pect of this relationship is that the anomaly of dispersion is
proportional to absorption in most instances (29).
If a single wavelength from a beam of light is sent
through a polarizer, an electric field (E) can be found to
oscillate sinusoidually along a determined direction in space.
This wave of plane polarized light, denoted as the vector E,
may be considered as being composed of two vectors, one cor¬
responding to the right circularly polarized wave (Ej^) and the
other to the left circularly polarized wave (El). In a circu¬
lar polarized wave, the head of the vector rotates around the
axis of propogation analogously to a right handed helix as
illustrated in Figure 2.
Fig. 2. A right circularly polarized light wave described
as a right handed helix.
When passed through an optically active medium both con¬
stituents (Ej^ and El) of the circularly polarized ray not only
show circular birefringence (difference in speed of light in
the medium and thus Ul nj^ where Ul and nj^ denote refractive
indices for left and right circularly polarized waves, respec¬
tively) , but are also differentially absorbed.
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In the spectral region in which an optically active ab¬
sorption band is found, the length of the vector is no
longer equal to and their resultant E no longer oscillates
along the circumference of a circle as in the case of plane
polarized light, but instead, the head of the resultant
vector traces out an ellipse as illustrated in Fig. 3.
Fig. 3. The rotation and ellipticity of plane polarized
light emerging from an optically active medium in
the absorption wavelength range.
Thus, if an optically active medium is traversed by plane
polarized light in the spectral region in which an optically
active chromophore absorbs, the resulting light becomes
elliptically polarized. An alternate means of expressing this
phenomenom is to say the medium exhibits Circular Dichroism.
This means, quantiom mechanically, that the transition probabi¬
lities for left and right circularly polarized light are
different. For a more detailed discussion of the basic prin¬
ciples of CD consult Moscowitz (30), Schellman and Schellman (31)
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and Crabbe (29) .
Circular Dichroism can be simply defined as the difference
in extinction coefficients for left and right circular polarized
light. Mathematically stated, this becomes Ae = “ Er) ,
where e refers to the molar extinction coefficients whose
units are mole”^ cm^.
As illustrated in Fig. 3, the angle of rotation is defined
by the angle between the incident linearly polarized light
(X axis) and the major axis, b, of the emergent elliptically
polarized light. The ratio of the minor axis of the ellipse,
a, to the major axis, b, gives the tangent of the angle of
ellipticity, 0. Since the major axis, b, and the minor axis,
a, of the ellipse are the sum and difference respectively of
the amplitude, p, of both circular components upon emerging
from the optically active mediijm, the tangent of the angle of




The amplitude, p, can be related mathematically to the
absorption indices k at the wavelength of the incident light
by the following expression: P = Pq Since the angle
of ellipticity and the difference between the absorption
coefficients for left and right circularly polarized light
(Kj^-Kr) are small, these relationships yield in good
approximation:
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0 = X - Kr)
where 0 is measured in radians per unit length and A is the
wavelength of incident light, molar extinction coefficients
can be svibstituted for absorption coefficients and Kj^ by
using the following equation for conversion:
K = 2.303 • E • C
where C is the concentration of the absorbing substance in




where 0 is given in degrees, 1 is the pathlength in deci¬
meters and c is the concentration in grams per cubic centi¬




2.303 - Ej,) = 3300 Ae
Cotton Effect
No discussion on CD is complete without including the
"Cotton Effect." Cotton observed that an optically active
compound shows abnormal behavior of its rotary power in a
particular spectral region and that the basic information
deducible from a CD spectrum should be taken from this imme¬
diate vicinity which is the region of maximal absorption (29).
To fully appreciate this observation by Cotton, the
distinction should be made between normal and abnormal curves
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for optical rotation. A plain or normal curve exhibits no
maximum or minimum within the spectral region under observa¬
tion. This type of curve is typical or compounds devoid of
optically active absorption bands within the wavelength under
investigation. The abnormal curve, in contrast, shows a maxi¬
mum and minimum in the region under observation.
Since CD is only exhibited by an optically active
chromophore, the question arises, what is an optically active
chromophore? A chromophore is a group identifiable both
structurally and spectroscopically. Optically active
chromophores can be classified into two types; (a) the
inherently dissymmetric chromophore, that is, the optical
activity of the chromophore is inherent in the intrinsic
geometry of the chromophore itself; and (b) the inherently
symmetric, assymmetrically perturbed, chromophore, that is,
the chromophore itself is optically inactive, as in the
case of Co[(H20)g]^, but becomes active when placed in a
dissymmetric environment. Thus, the optical activity in case
(b) manifests itself because the erstwhile inherently sym¬
metric electron distribution of the Co(II) ion chromophore
becomes assymmetrically perturbed by the rest of the molecule
in such a way that the symmetry of the electronic distribution
is lowered sufficiently to permit optical activity. But,
since this optical activity is induced in the chromophore
by its environment, the magnitude of the associated Cotton
effect is decreased in most instances relative to the Cotton
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Effect of the inherently dissynunetrical chromophore.
A CD spectriam is the sum of a series of transitions.
The optical activity that generates the CD spectrum is charac¬
terized by the rotational strength of these transitions. The
rotational strength is defined by the Rosenfield equation:
Rjc = (^e • ^m)
The above equation states that the rotational strength of
the Kth transition is given by the imaginary part of the dot
product of the electric and magnetic transition dipole moments,
Ue and Ujjj, respectively. In order to show optical activity,
the transition must have both electric and magnetic transition
dipole moments with directional components in common. The
properties of these dipoles are derived from the nature of the
redistribution of electron density between the ground and ex¬
cited states that are associated with the electronic transi¬
tion. There are two particular transition properties that
can be distinguished: (a) the transition that involves a
linear displacement of electronic charge, and (b) the transition
that involves rotation of an electronic charge about an axis.
These properties generated by the electronic transitions are
known as electric and magnetic transition dipole moments,
respectively (32).
The transitions which occur in the region (350-750 nm) and
studied in this report are d-d transitions arising from unfilled
d-shells on the metal, Co(II). These transitions are forbidden
under the usual selection rules for electronic transitions but
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their forbidden nature is lifted to a certain degree by d-p
orbital mixing. In order for one to observe Circular Di-
chroism in the transition metal region of the CD spectrum for
a metal-protein complex, such as Co(II) FbPase, there must be
a transition that satisfies the condition ImCug • Ujjj = 0) .
In simple systems involving a finite number of symmetric
chromophores oriented in a structure which is itself assymme-
tric, there are two principle means of generating Ug and um
simultaneously; (a) the mixing of transitions within a chromo-
phore, and (b) the coupling of transitions between chromophores
(32). To satisfy the condition Im(Ug * Ujjj 7^ 0) in Co(II)
FbPase, a mixing of transitions may occur.
For the mixing of states for the metal protein chromo-
phore, the d-d transition (350-750 nm) and the d-p transition
correspond to transitions from ground state,|0>, to excited
states, la> and l3>, respectively. The wavefunction corre¬
sponding to these basic states may be represented by
^O, 4^Of, and respectively. In the quantum-mechanical
representation of these electronic states, there is involved
some mechanism of interaction between the two states. A good
physical representation is given by a linear combination of
the two chromophores (the LCAO method) . Condon et (33)
showed that the mixing of certain states can occur in the
presence of an asymmetric distribution of the bonding, non¬
bonding electrons, formal charges, and ionized groups. The
excited states, |a> and lg>, undergo mixing. New transitions^
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|(()> —♦ and |(|)> .1 I . ■> \^2^' produced where
I‘*’2^ ^ ^21'^a ■'■ ^22'^'3
The coefficients are derived from the diagonalization of the
matrix
^11 " ^22 =
Vag Eg and -C^2 = <^21 = ~^2
which is equivalent to the solution of the simultaneous
equation:
Cl(E - X) + Cj V^g = 0
-CjVoig + Ci(E - X) =0
In the above expression, and Eg are the energies of
states |a> and |3> relative to |0>, and V^g is the term re¬
presenting the interaction between states |a> and |3> in the
asymmetric field (33). In general, V^^g « E^^g, and C2 is
small. The eigenvalues, and A2f are approximately equal
to E(jj and Eg, respectively. Also, considered to be
predominantly |a> and |(j)2> predominantly |3>. The non-zero
values of and C2 indicate that also contains some
16> character and l4)2> some ]a> character. Then, since la>
and I 3> have Pjjj and associated with them respectively, the
states and |<|)2^ satisfy the conditions for optical activity.
When the appropriate substitution is made, it can be seen that
24





Frozen turkey livers were obtained from Pel-Freeze,Inc.,
Rogers, Arkansas. D-Fructose-1,6-Bisphosphatase (FBP), Adeno¬
sine Monophosphate (AMP), Nicotinamide Phosphate (NADP),
Cobalt Sulfate,, Ethylenediaraine Tetraacetate (EDTA), Trizma
HCl and Sodium Acetate were purchased from Sigma Chemical Com¬
pany, St. Louis, Missouri. Chelex 100 was purchased from Bio-
RAD Laboratories, Richmond, California. Triethanolamine and
Diethanolamine were purchased from Eastman Organic Chemical,
Rochester, New York.
Whatman Phosphocellulose Pll was purchased from H. Reeves
Angel, Inc. of New York. Before use the powder was treated
as described by Han et (34) and stored at 5° in 0.2M
Sodium Acetate buffer (pH 6.3) containing ImM EDTA. Before
use the cellulose was treated with 10 volume excess of lOmM
Sodium Acetate (pH 6.3).
Buffer solutions, Tris HCl, Sodium Acetate and Sodium
Hydroxide were prepared metal free by treatment with Chelex 100
as described by Nimmo and Tipton (35). Cobalt metal solutions
were prepared from spectroscopically pure metal sulfate. All
chemicals used were of reagent grade and were used without
further purification except as previously mentioned in the case
of phosphocellulose Pll.
All glassware utilized in the experiments were freed of
traces of metal ion contaminants by soaking in a 1:3 ratio of
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Nitric-Hydrochloric acid solution followed by rinsing in water
freed of traces of metal contamination by treatment with
Chelex 100.
All buffers were freed of metal contamination by treat¬
ment with Chelex 100 and were prepared fresh daily from stock
solution previously prepared.
Purification
FbPase was isolated and purified by Dr. Han by the method
of Han et al. (34). The enzyme preparation was highly reactive
exhibiting a specific activity between 18 and 19 units. This
highly reactive preparation was used without further purifi¬
cation except as described for the removal of native metal and
other metal contaminants picked up during purification.
Assay
FbPase activity was assayed by observing spectrophoto-
metrically the rate of reduction of NADP at 340 nm at 23°.
The standard reaction mixture (1.0 ml) contained approximately
O.lmM EDTA, 2mM MgCl2f 1 unit each of glucose-6-phosphate
dehydrogenase and phosphoglucose isomerase and an appropriate
aliquot of FbPase. The reaction mixture containing every com¬
ponent except FBP was incubated inside the spectrophotometer
for a period of 2 min. The reaction was initiated, by the
addition of O.lmM FBP. One unit of enzymatic activity is de¬
fined as the amount required to catalyze the hydrolysis of
l.Oym of FBP per min. under these assay conditions. Specific
activity is defined as units per mg of protein as shown in the
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following equation:
A340 nm/min (vol ml)(1000)
Sp. Ac. =
6.22 (1 cm)(mg of protein)
Concentration Determination
FbPase concentration was determined using 0.75 as the
absorbance of Img/ml of enzyme solution at 280 nm on a Coleman
Model 124 spectrophotometer, with 144,000 as the mol. wt. of
the enzyme as determined by Moore (36) by gel electrophoresis.
Preparation of Apofructose-1,6-Bisphosphatase
ApoFbPase was prepared by dialysis of the enzyme v£. at
least 4 changes of 100-fold excess of Chelex treated Tris HCl,
Sodium Acetate buffer (pH 7.5). ApoFbPase, thus prepared, was
then dialyzed ve. a 50-fold voliame excess of Chelex 100 treated
glass distilled water for 5 hrs with at least 3 changes of
dialysate. Enzyme preparation was lypholized to a concentra¬
tion of Img/ml. Concentration was determined as described
under "Concentration Determination.”
Preparation of Cobalt(II) FbPase
ApoFbPase prepared as described above was dialyzed in a
100-fold volume excess of 10“^ cobaltous ion (C0S04 7H2O) in
50mM Tris-HCl, 0.2M Sodium Acetate buffer for 14 hrs with at
least 3 changes of dialysate at appropriate pH's (with the
exception of pH 9.0 which was obtained by dialyzing the enzyme
for 12 hrs at pH 7.5 plus an additional hr at pH 9.0)- This
precaution was taken for pH 9.0 for fear that extensive dialy¬
sis at pH 9.0 would result in the denaturation of the enzyme.
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Absorption Measurements
Spectrophotoinetrie absorption measurements were obtained
employing a Coleman Model 124 double beam grating spectro¬
photometer and a Cary 17 Model recording spectrophotometer
using 0.5cm Hellma glass cells. All other absorption stu¬
dies were performed using 1cm cells unless otherwise specified.
Absorption studies of MetalloFbPase were performed with the
Cary 17 using 2cm and 5cm cells. CD spectra were obtained
using a Jasco-Durrum Model SS-20 ORD/CD spectrophotometer
which was continuously flushed with nitrogen gas while re¬
cording spectra. The instrument was previously standardized
with d-Camphor Sulfonic Acid. For visible CD experiments,
5cm matched Hellma quartz cells were used to obtain spectra.
Circular Dichroism Studies
The visible CD spectra of Co(II) FbPase were obtained
under various conditions: (a) the spectra of the metallo-
enzyme alone were recorded at pH's 7.0, 8.0, and 9.0 at room
temperature (pH's were obtained as described in the prepara¬
tion of metalloenzyme), (b) spectra were recorded for the
metalloenzyme plus O.lmTd inhibitor (AMP), (c) CD spectra
were recorded for a combination of O.lmM FBP plus O.lmM AMP
at the previously mentioned pH's, (d) this latter experiment
was performed again, except inhibitor was added prior to sub¬
strate and the spectra recorded. The dialysate and appropriate
addition were used as references.
The spectra obtained were corrected for enzyme absorption
by subtracting out its spectra from the spectra of the metalloenzyme
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All reported spectra were corrected by making the appropriate
subtractions where necessary. All spectra were taken in
triplicates and the experiments were repeated.
All calculations were performed on a PdP8/E computer.
Results are expressed in terms of Molar Ellipticity. Molar




where 9 is the observed ellipticity from the spectrum, 1 is
the pathlength (5cm), C is the concentration in dm/ml, and
4 is the number of Co atoms bound to the enzyme.
RESULTS AND DISCUSSION
By now it is obvious that metalloenzymes are well suited
for the examination of the physiochemical basis of enzymatic
catalysis and chemical properties. This is because the physi¬
cal and chemical characteristics of the metal can serve as an
intrinsic probe of its protein environment. The systematic
examination of the CD spectra of metalloenzymes and their cor¬
relation to ligand binding has increasingly revealed that the
properties of the intrinsically catalytically active metals of
metalloenzymes are quite unusual when compared to those of
well defined model coordination complexes. On the other hand,
the spectral features of the enzymatically inert metalloenzymes
are comparable to those of the model complexes. The resem¬
blance of these enzymatically inert metalloenzymes to the model
complexes suggests an unusual nature for the geometry of the
binding site for the catalytically active metalloenzymes (23).
Co(II) FbPase exhibits features indicative of an unusual geo¬
metry for the location of the maxima of its CD spectra. This
difference in the spectral properties of the Co(II) FbPase com¬
plex and the simple Co(II) complexes can be thought to reflect
a constraint imposed on the metal by the specific secondary and
tertiary structure of the amino acid side chains serving as
the multidentate ligands. Thus, for the Co(II) FbPase complex
an unusual disposition of its ligands may force the cobalt
atom into an irregular geometry which may or may not be
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encountered in the nonfunctional metalloenzymes. The CD
spectra of Co{II) FbPase are sensitive and responsive to such
factors as changes in hydrogen ion concentration (pH), sub¬
strate and/or inhibitor binding, and a combination of sub¬
strate plus inhibitor and vice versa.
Effects of Varying pH
There are apparent changes in ligand geometry of the
Co(II) ion as the pH is raised from 7.0 to 9.0 as indicated
in Fig. 4. With the exception of a significant decrease in
intensity, the slight shift in maxima at pH 8.0, and a slight
shift in maxima at pH 9.0, the general characteristics of the
spectra of the Co(II) FbPase are the same for all pH values
between 7.0 and 9.0; indicating no change in basic geometry.
In contrast to the pH dependence of the spectral intensity of
Co(II) carbonic anhydrase, which decreases as the pH is in¬
creased (5) and the increase in spectral intensities with in¬
crease in pH as exhibited by alkaline phosphatase (21), Co(II)
FbPase exhibits a non-sequential change as the pH is varied
from 7.0 to 9.0. The nature of this non-sequential pH
dependence is unclear.
The intensities and relative maxima of the ellipticities
at pH 7.0 are intermediates between the spectra of regular
tetrahedral complexes and those observed for octahedral
complexes. When compared to the CD spectra of Co(II) enzymes
of assigned geometries (cobalt yeast aldolase which is tetra¬
hedral as determined by Simpson et (22) and alkaline
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Fig. 4. Experimental curves on Co(II) FbPase at
pH's 7.0, 8.0, and 9.0.
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phosphatase which is octahedral as determined by Simpson and
Vallee (21)) the Co(II) FbPase CD spectra resemble those in a
tetrahedral environment with nitroben and/or oxygen as the do¬
nor groups for the ligands. This argument is supported by the
fact that Co(II) complexes with second row donor atoms, such
as nitrogen and oxygen, have electronic transitions at higher
energies than those expected for regular tetrahedral com¬
plexes and are lower in intensity. Thus, the position of the
maxima and the intensities are not incompatible with a tetra¬
hedral geometry. Also, because the native metals in FbPase,
Mg(II) and Mn(II), have a low affinity for sulfur as a ligand
and a high affinity for nitrogen and oxygen ligands, one would
expect the ligands to be nitrogen and oxygen. The slight dif¬
ference in the spectra of Co(II) FbPase and carbonic anhydrase,
another tetrahedral complex, can be explained by a difference
in the nature of the ligands attached to the cobalt atom.
At pH 7.0 the large ellipticity with broad optically
active bands can be interpreted as an irregular or distorted
tetrahedral. The increase in pH from 7.0 to 0.0 causes a
decrease in ellipticity which can be interpreted as a change
to a less dissymmetrical environment at the cobalt binding
site. This finding can best be summarized by supposing that
the basic coordination complex at pH 8.0 has a geometry that
minimizes the dissymmetry present, perhaps not incompatible
with a shift to a flattened tetrahedron (5). This is also not
incompatible with a change toward a more regular geometry that
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contains elements of symmetry. This decrease in ellipticity
at pH 8.0 could also reflect greater participation of ligands
with oxygen and/or nitrogen donor groups.
Increasing the pH from 8.0 to 9.0 results in an increase
in ellipticity, slightly less than 7.0 but significantly more
than 8.0. There is also a shift in the maxima to lower energy
and a narrower bandwidth. This is interpreted as a shift to
a more regular tetrahedral geometry at the cobalt binding
site. This supports the idea of a distorted geometry at the
cation binding site of the catalytically active enzyme. Even
though the above shift is interpreted as a shift to a more
regular tetrahedral geometry there was no decrease in the
multiplicity of the band. Hence, it is believed that a small
degree of distortion still persists. Another possible explana¬
tion for the spectral changes as the pH is increased is that
a water ligand is being replaced with a hydroxide ligand
(H2O —>OH).
Another interesting feature of the Co (II) chromophore in
FbPase revealed by the CD spectra is that there are significant
near ultraviolet bands associated with the chromophore as
shown in Fig. 4. This has proven to be true for a large n\im-
ber of these metal-protein chromophores. Their origin is not
clear. The absorption intensities of these bands as determined
by previous studies (20) do not appear great enough to be
attributed to the protein absorption in this region. However,
these absorption bands could represent relatively weak charge-
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transfer bands. However, charge-transfer bands associated
with metal complexes are usually observed to have large in-
tensities (e =10 ), in keeping with the fact that they are
presumably allowed electronic transitions. These transitions
are often of high energy and appear in the ultraviolet region
of the spectrum. A number of very intense charge-transfer
bands occurring in the visible region of the spectrum are
known, however, and the complexes in which they occur are
frequently used as analytical tools in the quantitative deter¬
mination of metal ions (5). There have not been extensive
theoretical studies of metal-ligand charge transfer spectra?
thus, their precise nature is not known with certainty. Also
the factors governing their intensities may not always result
in extinction coefficients of 10^. These high energy bands
may also be thought to be magnetic dipoles disallowed d-d
transitions present in the CD spectrum but may be obscured in
the absorption spectra (5) .
Effects of Substrates and Inhibitor Binding
The CD spectra of Co(II) FbPase are also sensitive and
responsive to substrate (FBP), and inhibitor (AMP) binding.
Measurements of the Circular Dichroism of the Co(II)-enzyme-
substrate complex support the idea that the geometry of the
cobalt at the cation binding site is altered upon the inter¬
action (binding) of substrate and/or inhibitor. This is
consistent with previous studies reported by Vallee and Williams
on cobalt alkaline phosphatase (9) and Coleman et on cobalt
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carboxypeptidase (7). Fig. 5 illustrates the changes in
ellipticities induced by addition of substrate and/or
inhibitor. The CD spectral measurements suggest that upon
interaction of Co(II) FbPase with substrate there is little
change in the geometry of the metal binding site at pH 7.0.
This is in contrast with the more marked changes in CD spec¬
tra upon addition of substrate to a number of hydrolases,
e.g., carbonic anhydrase. However, it is consistent with the
finding of Simpson et al. on cobalt yeast aldolase (22).
Addition of O.lmM FBP to the cobalt-protein complex induces a
small increase in ellipticity with the broadening of the
bands at pH 7.0. This is interpreted as a shift to a more
distorted tetrahedral. The slight increase in ellipticity
and the broadening of the band also suggests that the sub¬
strate binding does not involve direct changes within the
inner coordination sphere of the metal. This supports the
idea that the substrate is not bound directly to the coordina¬
tion sphere of the metal. The amazing similarity of the CD
spectra for the Co(II) protein to that of the spectra of the
Co(II) protein-substrate complex (Fig. 5, pH 7.0) and the
marked changes induced by addition of inhibitor or variation
of pH support the idea of a state of "entasis," i.e., an
irregular or strained geometry of the metal binding in the
enzymatically functional system. It has been conjectured that
this irregularity of geometry might reflect a localized
state energetically favorable to catalysis (37).
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Fig. 5 Experimental curves at pH 7.0 for Co(II) FbPase
plus 0.ImM FBP and plus 0.ImM AMP.
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Addition of O.lmM inhibitor (AMP), causes a significant
decrease in the ellipticity as shown in Fig. 5. This decrease
is consistent with the marked changes in CD spectra observed
for other hydrolytic enzymes. Based on the assumption that
addition of substrate or inhibitor does not involve direct
changes within the inner coordination sphere of the metal ion
or a change in basic geometry, the significant decrease in
ellipticity can reflect a change to a less dissymmetrical
environment at the cobalt binding site. It also suggests that
the binding of the inhibitor stimulates (possibly via amino
acid side chains) a change in the orientation of the ligands
attached to the metal, thus forcing the metal into a more
regular geometry. The distinct difference in the spectra of
the metal protein-substrate compared to those of the metal
protein-inhibitor complex implies that the binding of
substrate and/or inhibitor induces different changes upon the
coordination geometry of the cation binding site.
Another interesting feature uncovered by CD is the fact
that the changes in dissymmetry at the cation binding site in¬
duced by substrate binding are pH dependent. As the pH is
raised from 7.0 to 8.0 there is a decrease in ellipticity ac¬
companied by a shift to a narrower bandwidth. This is
interpreted as a shift to a more regular tetrahedral geometry.
The position of the maxima resembles that of a tetrahedral
geometry in a nitrogen and/or oxygen environment. Further
increases in pH to 9.0 cause a shift in the band to lower
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energy accompanied by a decrease in ellipticity. These changes
induced by pH can be thought to arise via an enforced geometry
upon the metal at the cation binding site by changes in
conformation of secondary and possibly tertiary structure.
It has been shown by Burkes (5) and Rumph (6) that pH induces
changes in secondary structure in FbPase. The CD spectral
properties of the cobalt enzyme-inhibitor complex are also
pH dependent as illustrated in Fig. 6. The pH dependency of
these spectra upon binding of substrate and/or inhibitor
further supports the idea of the existence of a state of
entasis in the catalytically active enzyme.
Effects of Substrate + Inhibitor and Inhibitor + Substrate
Binding
Addition of siabstrate followed by addition of inhibitor
induces changes in geometry of the cation binding site as
reflected by the CD spectra of the complex. Addition of
substrate followed by addition of inhibitor show a different
spectriim from the addition of inhibitor followed by addition
of substrate as shown in Figs. 7 and 8. Even though the
change in secondary structure may be very minor upon addition
in such a manner, the changes in dissymmetry about the cation
binding sites are very dependent upon the order of addition.
However, the possibility is not excluded that these changes
may be quite small but become more pronounced by changes in
secondary structure. At pH 7.0, as shown in Fig. 8, there are
small but distinct changes in the spectra of Co(II) protein-
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Experimental curves for Co(II) FbPase plus
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Fig. 7. Experimental curves for Co(II) FbPase plus
O.lmM AMP at pH's 7.0, 8.0, and 9.0.
X
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Co{II) FbPase experimental curves at pH 7.0
for enzyme alone, enzyme plus 0.ImM FBP and





siibstrate-inhibitor complex and metal protein-inhibitor-
substrate complex. The spectra of the inhibitor-substrate
complex resembles that of a tetrahedral with a minimiam
amount of distortion. To the best of our knowledge the small
difference in intensity of the two spectra can be interpreted
as a microscopic change in the amount of dissymmetry present
at the cation binding site upon addition of substrate and/or
inhibitor in such a manner as previously described. Fig. 7
and 8 combined illustrate the pH dependence of such an addi¬
tion. The difference in the spectra as the pH is varied is
thought to be a direct consequence of a change in the conforma¬
tion of secondary structure.
Conclusion
Irrespective of its origin, the presence of an unusual
CD spectrum can be associated with the Co(II) ion when bound
to the enzyme FbPase. This Co (II) FbPase complex generates
a probe at the cation binding site and allows study of the
interaction of the enzyme. This investigation revealed that
the CD spectra of the Co(II) FbPase is sensitive and respon¬
sive to such perturbants as changes in hydrogen ion concen¬
tration, Slabstrate and/or inhibitor binding, and a combination
of substrate plus inhibitor and vice versa. This report also
revealed information that can be interpreted to mean that the
enzymatically active cobalt enzyme might be the consequence
of an unusual geometry for the cation binding site for the
enzyme FbPase. It can be used as a model in the assignment
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of geometry to other enzymatically active cobalt enzyme
complexes. This report also supports the idea of the
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